INTRODUCTION 33
Reactive oxygen species (ROS) are unavoidable by-products of aerobic life and their signaling 34 role during plant-microbe interactions has been extensively demonstrated. ROS are constantly 35 produced during normal metabolic processes, but their levels are increased under abiotic stress 36 conditions. 37
In rhizobia, the antioxidant system allows bacteria to modulate ROS levels produced during both 38 the free-living stage and the symbiotic interaction. One of the key enzymes involved in redox 39 modulation of these processes is Superoxide dismutase (SOD, EC 1.15.1.1). SODs are 40 metalloenzymes that act as the primary line of defense against the first free radical produced in 41 the ROS cascade, the superoxide radical ( . O 2 -), and they have been found in nearly all 42 organisms examined to date (1) . 43
In bacteria, there are three general classes of SODs, which differ in their metal co-factors: the 44 manganese-containing MnSOD (SOD A), the Fe-containing FeSOD (SOD B) and the 45 cambialistic Fe/Mn SODs (CamSOD); the three SODs share high protein sequence and 46 structure similarity (2, 3). 47
Rhizobiales have shown variability in their superoxide dismutase enzymes: in Sinorhizobium 48 meliloti Rm5000, sodA is the only gene encoding an active cambialistic SOD with either 49 manganese or iron as co-factor (2). In Bradyrhizobium japonicum USDA 110, four genes 50 encoding superoxide dismutases have been reported (genome.microbedb.jp/rhizobase). Two of 51 3 these genes, bll7559, a Fe-Mn SOD (ChrC), and bll7774 SOD, sodF, have been reported as 52 inducible under drought stress (4). 53
In Mesorhizobium loti MAFF 303099, SOD is encoded by the mlr7636 gene and has been 54 described as a Mn/Fe co-factor binding protein (genome.microbedb.jp/rhizobase). SOD activity 55 (and other cellular processes) produces hydrogen peroxide. In M. loti, hydrogen peroxide 56 scavenging occurs through the action of two different catalases, a monofunctional catalase and 57 a bifunctional catalase-peroxidase encoded by mlr2101 and mlr6940, respectively 58 (genome.microbedb.jp/rhizobase). 59
It has been reported that disruption of the sod gene in S. meliloti affects its symbiotic properties 60 with alfalfa, with the mutant bacteria being affected in the initiation of nodulation, infection and 61 bacteroid development (1) . However, to our knowledge, there are no reports about the effect of 62 bacterial SOD overexpression on tolerance to oxidative and salt stress conditions. In this work, a 63 SOD overexpressing M. loti was obtained, and its free-living phenotype was investigated. Our 64 results suggest that sod overexpression in Mesorhizobium loti improves its survival during 65 oxidative stress. 66
RESULTS 67

Effect of saline and osmotic stress on M. loti growth 68
The effect of saline and osmotic stress conditions on M. loti overexpressing sod gen (sod1708), 69 the wild-type strain (WT) and the transformed strain with the empty vector (1708) were evaluated 70 in YEM media (control), YEM containing 150 mM NaCl and 15% PEG. Under control conditions, 71 the three strains had equivalent growth rates, whereas in saline treatment, all strains showed 72 slightly higher growth rate than in control condition. PEG treatment showed a 50% decrease in 73 bacterial growth rate, demonstrating that the strains were sensitive to osmotic stress ( Fig. 1 ). 74
Effect of saline and osmotic stress on SOD and CAT activities 75
To evaluate the effect of salt and osmotic stress on the bacterial SOD and CAT, total activities 76 were determined in whole extracts from cells grown under 150 mM NaCl and PEG 15%. Under 77 4 salt stress, the WT strain showed higher levels of SOD and CAT activities than in control 78 conditions, with approximately 4.8 and 2.8-fold increments, respectively (Table 2) . However, 79 under osmotic stress condition, only CAT showed increased activity, whereas SOD decreased. 80
The overexpression of mlr7636 gene in sod1708 strain led to 3.4-fold increase in SOD activity 81 with respect to WT strain and 3.6-fold with respect to 1708 strain under control conditions. Under 82 salt stress condition, no differences in SOD activity were found between the overexpressor 83 sod1708, WT and 1708 strains ( Table 2) . Similar responses were found under PEG-induced 84 osmotic stress treatment, with a 4.1-and 4.5-fold increase in SOD activity being detected in 85 sod1708 strain compared with WT and 1708 strains, respectively. 86 CAT activity increased significantly in sod1708 strain in control conditions and saline stress 87 treatment, but it showed no differences from the osmotic treatment. 88
Increase of periplasmic SOD activity in M. loti sod strain 89
Specific SOD activity determined at an early growth stage (DO 600 ̴ 0.1) was lower than at the 90 late exponential phase; however, no differences in whole cell lysates were found between 91 strains. The analysis of specific SOD activity in the periplasmic fraction revealed that sod1708 92 strain showed a 5-fold increase of enzyme specific activity compared to non-overexpressing 93 strains ( Fig. 2) . In order to assess the cytosolic contamination of the periplasmic extract, the 94 specific G6PDH activities of both the whole cell extract and the periplasmic fraction were 95 determined ( Fig. 3 ). The results showed low specific G6PDH activity levels for the periplasmic 96 fractions with less than 12, 6 and 2% of the specific activity of the whole cell lysate for WT, 1708 97 and sod1708 respectively. 98
Isoforms and localization of SOD in M. loti sod 99
The expression of SOD isoforms revealed in zymograms using whole cell and periplasmic 100 protein fractions showed changes in activity patterns among the WT, 1708 and sod1708 strains. 101
A unique activity band, which we named basal sod (BSOD) in this report, was observed in whole 102 cell extracts of all strains, whereas the sod1708 strain showed three extra bands ( Fig. 4 A) . In 103 5 periplasmic fractions, BSOD was absent in WT, whereas the sod1708 and the 1708 strains 104 shared the same activity profile with similar relative mobility (Rf) to those found in whole cell 105 extracts, including the three extra bands. Moreover, the three extra activity bands were inhibited 106 by 10 mM H 2 O 2 , indicating that these isoforms used iron as cofactor ( Fig. 4 B) . 107
WESTERN-blot analysis 108
Western blot analysis with FeSOD antiserum detected bands of 20.1 kDa in periplasmic extracts 109 from all strains. On the other hand, this band was not detected in whole cell extracts. However, 110 the 20.1 kDa protein in periplasmic extracts is not in agreement with the theoretical molecular 111 weight of 22.7 kDa predicted for the protein encoded by mlr7636 gene. Therefore, the difference 112 in 2.6 kDa mass obtained in the periplasmic extracts could be due to scission of a signal 113 peptide. Nevertheless, the presence of signal peptide for Sec or TAT pathway could not be 114 predicted in the first 70 amino acids of the N-terminal end of the amino acid sequence. 115
Bacterial tolerance to superoxide and H 2 O 2 in killing assay 116
To assess the effect of the SOD overexpression on M. loti under excess of reactive oxygen 117 species production, we performed a bacterial killing assay using cultures of sod1708, WT and 118 1708 strains, subjected to exogenously generated . O 2 by the addition of hypoxanthine and 119 xanthine oxidase. The results showed a 20% reduction in CFU/mL in sod1708 strain after 30 min 120 of treatment. This survival reduction was not statistically significant with respect to the untreated 121 control and no further decrease was recorded up to 120 min ( Fig. 6 A) . In contrast, both WT and 122 1708 strains showed more than 90% reduction in viability compared to the untreated control 30 123 min after . O 2 treatment, with no viable cells being detected even after 60 min. Catalase 124 supplementation (1 U/mL) to the hypoxanthine/xanthine oxidase system restored the growth of 125 the overexpressing sod1708 strain to similar levels to those of the untreated control ( Fig. 6 B) . 126
On the other hand, exogenously added catalase restored the CFU/mL values to those of 127 untreated cells up to 30 min, whereas a decrease of approximately 55% was observed starting 128 at 60 min. 129 6 To test whether increased superoxide tolerance of the sod1708 strain may be due to enhanced 130 H 2 O 2 tolerance, survival percentage was determined by adding 1 mM H 2 O 2 to the growth media. 131
Survival of M. loti sod strain was not significantly affected compared with the untreated control 132 up to 60 min, whereas at 120 min only 26% of bacteria survived. In contrast, the CFU/mL of the 133 WT and 1708 strains showed a reduction of 27% and 90% after 30 and 60 min, respectively, of 134 hydrogen peroxide treatment ( Fig. 7) . 135
Phylogenetic analysis of rhizobia Sod genes 136
The consensus phylogenetic tree with 11 SOD sequences from Rhizobase database, that had 137 ≥50% identity with Mlr7636 sequence, showed two clusters ( described the induction of genes of B. japonicum exposed to reduced water activity. 159
Overexpression 160
The sod1708 strain showed 3.4 fold increased SOD activity in comparison with the WT and 1708 161 strains under control conditions, whereas no differences were found between the strains when 162 they were exposed to osmotic and salt stress. SOD was detected in the periplasmic fractions 163 from the three strains, but sod1708 strain showed higher SOD activity than the non-164 overexpressing strains, indicating that it was exported to the periplasmic space. Furthermore, 165 zymograms revealed the presence of three additional SODs in the overexpressing M. loti sod 166 strain. These bands were inhibited by H 2 O 2 indicating that they were FeSOD (21). In contrast, 167 lack of inhibition with H 2 O 2 demonstrated that the common BSOD corresponded to a MnSOD. It 168 is difficult to explain why the BSOD migration of 1708 and sod1708 were somewhat different 169 from the wild type strain, although it could be due to metabolic changes occurring in transformed 170 cells (22) . 171
The homologous gene overexpression as well as the multiple activity bands differentially 172 inhibited by H 2 O 2 in zymograms, support the idea that SOD from M. loti MAFF303099 could 173 have a cambialistic behavior able to form a complex with either Fe or Mn (2), further 174 investigation will be required to elucidate this aspect. 175
On the other hand, the Western blot analysis revealed the presence of single bands of 176 approximately 20.1 kDa in periplasmic extracts of all strains. In addition, the calculated 177 molecular weight of the detected protein was 2.6 kDa lower than the theoretically predicted for 178 the mlr7636 product. Although the signal peptide prediction showed no detectable Sec or TAT 179 signal peptide (18, 19) , the difference could be due to scission of a signal peptide during 180 8 translocation to periplasmic space using an alternative mechanism as it was described in R. 
SOD overexpression protects against oxidative stress by inducing catalase activity 187
The protective effect of superoxide dismutase overexpression against oxidative stress in free-188
living Mesorhizobium loti has been demonstrated in killing assays. In the presence of 189 exogenously generated superoxide, the sod1708 strain showed substantially higher tolerance 190 than the controls WT and 1708 strains. The CFU reduction of the M. loti sod strain was 20% 191 under oxidative stress condition caused by superoxide, whereas the control strains were non-192
viable. 193
The dismutation of superoxide anion by SOD produces H 2 O 2 and water, so that the addition of 194 catalase to the hypoxanthine/xanthine oxidase reaction in the bacterial killing assay restored the 195 initial CFU values to those reached by the untreated strain. A similar effect was observed in 196 control strains when catalase was added, but in these cases the restored CFU values reached 197 only 45%. These results clearly show that the resulting H 2 O 2 , from superoxide dismutation 198 induced by SOD activity is more lethal on bacteria than superoxide anion per se. Furthermore, 199 our data suggest that homologous superoxide dismutase overexpression increases tolerance to 200 oxidative stress in M. loti because of the high SOD activity per se contributes to fast superoxide 201 dismutation to H 2 O 2 and O 2 , and additionally the induced catalase activity reduces the hydrogen 202 peroxide levels. 203
MATERIALS AND METHODS 204
Bacterial strains and growth conditions 205
Mesorhizobium loti MAFF303099 (WT), 1708 and sod1708 strains were grown in YEM medium 206 (5) aerobically at 28°C. For saline and osmotic stress conditions, YEM medium was 207 supplemented with 150 mM NaCl and 15% (W/V) polyethylene glycol 8000 (PEG) to obtain a 208 water potential equal to -0.84 MPa. Values of water potential were measured using isopiestic 209 thermocouple psychrometry (Wescar® Point Microvoltmeter HR-337 Dew). Escherichia coli 210
DH5α and S17-1 strains and were grown Luria-Bertani (LB) (6). Strains harbouring plasmids 211 pFAJ1708 and pFAJsod were grown on Tetracycline 10 µg/mL supplemented medium. The 212 bacterial strains and plasmids used are listed in Table 1 . 213
Growth kinetics 214
Cell growth was evaluated in triplicate using a pre-inoculum of 0.8 (OD 600 ) with an initial OD 600~ 215 0.01 in 50 mL fresh media at 28°C in an orbital shaker (160 rpm). Growth was monitored at 216 OD 600 in a DU-640 Beckman spectrophotometer (Beckman Coulter, USA) for 64 hours. 217
Determination of tolerance to oxidative stress 218
Tolerance to . O 2 was determined by conventional bacterial killing assays, in which bacteria were 219 exposed to exogenous . O 2 generated by the oxidation reaction of xanthine by Xhantine oxidase 220 enzyme (7). Cells were grown up to 0.5 OD 600 in YEM; then they were centrifuged and 221 resuspended at 10 9 CFU/mL in sterile phosphate-buffered saline (PBS) and treated with 250 μM 222 hypoxanthine and 0.1 U/mL of Xanthine oxidase. In order to discriminate the effect of . 
Superoxide dismutase cloning and plasmid construction 232
After genomic DNA extraction by CTAB method (8), the mlr7636 gene was amplified by 233 polymerase chain reaction (PCR) using the specific forward primer SOD-XbaI-F (5'-234 ATATTCTAGACCACGAGGGAGTACTACCCATGG-3', the XbaI restriction site is underlined and 235 the bold letters represent the start codon of mlr7636 gene) and SOD-BamHI-R (5'-236 ATATGGATCCTCACTTTGCCTTTTCGTAGAGC 3', the BamHI restriction site is underlined), for 237 directional cloning in pFAJ1708 downstream of the constitutive nptII promoter. PCR reaction was 238 performed as follows: initial denaturation at 94°C for 3 min; 35 cycles at 94°C for 20 sec, 239 annealing at 65°C for 20 sec and extension at 68°C for 1 min. The 639-bp PCR product and 240 pFAJ1708 plasmid were digested by XbaI and BamHI enzymes, and DNA fragments were 241 purified from agarose using Qiagen Gel Extraction QiaexII kit. The mlr7636 gene was cloned into 242 pFAJ1708 with T4 DNA ligase (Promega) at 4°C during 16 h. The resulting recombinant plasmid 243 pFAJsod was transformed into E. coli DH5α using the heat shock method. Clones were 244 sequenced to confirm the insertion of mlr7636 in frame with nptII promoter, and used to 245 transform Electrocompetent E. coli S17-1 by electroporation with a Gene Pulser Xcell, Bio Rad, 246 2.5 KV /5 ms. 247
Transformation of M. loti 248
Biparental conjugation was performed in YEM medium using M. loti MAFF303099 (WT) as 249 recipient and E. coli S17-1 carrying pFAJsod or pFAJ1708 as donors (9). The donor/recipient 250 ratio was 1:1. Transconjugant M. loti cells were selected with Tc 20 µg/mL. 251
Protein extraction 252
For the analysis of whole cell fraction, M. loti cultures were grown up to 0.1 OD 600 in 50 mL liquid 253 YEM medium. Cells were harvested by centrifugation at 15000 g at 4°C for 15 min, washed with 254 5 mL of 0.9% (W/V) NaCl and resuspended in 200 μl of 50 mM KH 2 PO 4 pH 7.8 buffer. Cells 255 were sonicated (Ultrasonic Vibracell VCX600) at 33% amplitude by pulses of 3 seconds with 256 11 intervals of 3 seconds for 2 min. The samples were maintained in an ice-water bath during 257 sonication. Extracts were centrifuged at 14000 g for 20 min and the supernatant was recovered. 258 Periplasmic proteins were obtained by hypo-osmotic shock treatment (10). Cells were harvested 259 by centrifugation at 15000 g and 4°C for 15 min, washed with 5 mL of 0.9% (W/V) NaCl and 260 briefly resuspended in 0.2 mL of hyperosmotic buffer containing 20% (W/V) sucrose in 30 mM 261 Tris/HCl pH 8.0 supplemented with 5 μl lysozyme (100 mg/mL in 30 mM Tris/HCl, pH 8). After 1 262 hour of incubation in ice, cells were pelleted by centrifugation for 5 min (10000 g at 4°C) and 263 resuspended in 0.2 mL of ice-cold distilled water. After additional 15 min on ice, cells were 264 pelleted by centrifugation at 10000 g at 4°C for 30 min. The supernatant contained the 265 periplasmic proteins. Protein concentrations were determined by the Lowry method (11) using 266 bovine serum albumin (BSA) as a standard. 267
Polyacrylamide gel electrophoresis and western blotting 268
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed as 269 described by Laemmli (12) . Non-denaturing polyacrylamide gel electrophoresis (ND-PAGE) was 270 performed using the same buffer system with the omission of SDS from all buffers. Western blot 271 analysis was conducted in a submerged system (Bio-Rad); the proteins separated by PAGE 272 were blotted onto a nitrocellulose membrane (Amersham Biosciences). Polyclonal antibodies 273 rabbit anti-FeSOD (Agrisera AS 06 125) and anti-MnSOD (N-20, Santa Cruz, SC18503) were 274 used as primary antibodies. Goat anti-rabbit and rabbit anti-goat Alkaline phosphatase 275 conjugates were used as secondary antibodies. 276
Enzyme activities 277
SOD activity was determined spectrophotometrically at 560 nm (13). One Unit of SOD was 278 defined as the amount that inhibits the photoreduction of nitrotetrazolium blue chloride (NBT) by 279 50%. The reaction mixture was composed of 50 mM potassium phosphate pH 7.8 containing 280 777 µM methionine, 448 µM NBT, 0.54 µM EDTA and 3.32 µM riboflavin. In the absence of the 281 enzyme, the mixture was calibrated to reach an OD 560 = 0.25 after 10 min incubation in UV light 282 (360 nm) at 25 °C. Specific activity was expressed in SOD units (µg of total protein) -1 . 283 SOD zymogram was obtained after electrophoresis in 12% ND-PAGE. SOD activity was 284 developed by incubating gels with 2.5 mM NBT during 25 min in dark, followed by incubation for 285 20 min in 50 mM potassium phosphate pH 7.8 containing 28 µM riboflavin and 28 mM 286 tetramethyl-ethylene diamine (TEMED). The reaction was continued for 10 to 15 min under white 287 light and then stopped by a brief wash in water (14) . 288
To determine the metallic co-factor of SOD in zymogram, the ND-PAGE were pre-incubated with 289 potassium cyanide (KCN 5 mM) or hydrogen peroxide (H 2 O 2 10 mM) at RT for 30 min in order to 290 inhibit CuZnSOD and FeSOD, respectively. After incubation, the enzyme activity was assayed 291 as described above. 292
Catalase (CAT) activity was determined with a reaction mixture containing 50 mM potassium 293 phosphate pH 7.4 with the sample, and the reaction was started by adding 5 mM H 2 O 2 . Activity 294 was determined spectrophotometrically by measuring the decreasing rate of H 2 O 2 at 240 nm at 295 37°C for 1 min. Specific activity was expressed in CAT units (µg of total protein) -1 (15) . 296 SOD and CAT activities were evaluated in rhizobia grown in NaCl 150 mM and PEG 15%. 297
Glucose 6 Phosphate Dehydrogenase (G6PDH) activity: Absence of cytoplasmic content in 298 periplasmic fraction was evaluated by measuring G6PDH activity (16). The reaction mixture 299 contained 100 mM Tris-ClH buffer pH 8, 10 mM MgCl 2 , 0.18 mM NADP + and 1 mM D-Glucose-300 6-Phoshate. The reaction was initiated by adding the sample, and followed by formation of 301 reduced NADPH at 340 nm in spectrophotometer at 25°C. One Unit of G6PDH was defined as 302 the amount of enzyme required to catalyze the reduction of 1 µmole of NADP + per min at 25°C. 303
Specific activity was expressed in G6PDH units (mg of total protein) -1 . 304
Phylogenetic analysis 305
A phylogenetic tree was constructed with the Mlr7636 amino acid sequence based on the 306 alignment of the 11 SOD sequences from the Rhizobase database sharing more than 50% of 307 13 identity. The analysis was performed by the neighbor joining method (1000x bootstrap 308 replications) using Mega (20) . 318 
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